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  Superconducting nanowires can be synthesised in high-throughput chemical routes 
and hold great promise as a low-dissipative material for superconducting devices1-9. The 
applicability of superconducting nanowires, however, has been limited due to the lack 
of an adequate method to fit the nanowires into given electronic circuits. One of the 
biggest obstacles is to connect metal terminals to superconducting nanowires in order to 
establish electric contacts. One attractive method to surmount this difficulty is to 
synthesise superconducting nanowires directly upon metal terminals such that the 
nanowires electrically contact the metal surface. Here we demonstrate that this can be 
achieved by electrodeposition in molten salts10-15. The 39-K superconductor magnesium 
diboride (MgB2)16 is electrodeposited to metal surfaces in the form of highly crystalline 
nanowires. The MgB2 nanowires achieve extensive electric contacts with the metal 
surfaces. The MgB2 nanowires carry high densities of supercurrents that are comparable 
to bulk materials. This approach to the electrodeposition of MgB2 nanowires provides a 
solution to one of the major challenges preventing practical applications of 
superconducting nanowires. 
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  A variety of superconducting nanowires or nanostripes have been produced by 
different approaches aimed at obtaining superconducting devices17-20. Meander circuits 
of niobium nitride (NbN) nanostripes, fabricated by ion milling to thin NbN films, have 
demonstrated potential as a single-photon detector17-19. A pair of Mo-Ge nanowires, 
synthesised by sputtering to DNA templates, has operated as a nanometer-sized 
superconducting quantum interference device (SQUID)20. The Nb- and/or Mo-based 
devices must operate near the temperature of liquid helium (4.2 K) due to the low 
superconducting transition temperatures (Tc) of these materials. This is not favourable 
for a practical device, since heavy cryocoolers are required to ensure the operating 
temperature. Superconducting devices using nanowires or nanostripes of the 39-K 
superconductor MgB2 may operate at the liquid hydrogen temperature (20 K), 
significantly reducing cooling costs. The fact that the electron-phonon relaxation time is 
shorter for MgB2 than for Nb-based superconductors is also an advantage, as it could 
lead to a higher running speed for MgB2-based superconducting devices21.  
  Highly crystalline MgB2 nanowires, preferably with lengths greater than 1 μm, are 
desirable for the superconducting devices based on electric transport. However, 
previous attempts to chemically synthesise MgB2 nanowires have resulted in either poor 
crystallinity or short wires7-9. MgB2 nanowires synthesised by gaseous reactions of 
precursors over 800 oC are longer than 10 μm, but are polycrystalline7,8. Conversely, the 
highly crystalline MgB2 nanowires synthesised by the pyrolysis of bulk Mg1.5B2 at 900 
oC are shorter than 200 nm9. The low quality of the current MgB2 nanowires is ascribed 
to the rapid, uncontrollable growth at high temperatures and a high Mg vapour 
pressure22. To obtain MgB2 nanowires under moderate and controllable conditions, we 
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have developed a molten-salt electrodeposition (MSE) technique10-15. Unlike the 
thermal syntheses currently used, MSE is based on the electrolysis of a non-aqueous 
electrolyte containing the constituent cations of MgB2, Mg2+ and B3+. Electrolytic co-
reduction of Mg2+ and B3+ leads to the formation of long, highly crystalline MgB2 
nanowires at low temperatures and an ambient pressure. 
  An electrolyte consisting of magnesium chloride (MgCl2) and magnesium borate 
(MgB2O4), together with flux materials of sodium chloride (NaCl) and potassium 
chloride (KCl), was molten at 600 oC under a flow of dry Ar gas. The mole content of 
the electrolyte was 10:0.1-0.2:5:5 for MgCl2, MgB2O4, NaCl and KCl, respectively. The 
chemicals were thoroughly dried and treated under a dry Ar atmosphere. Graphite and 
platinum (Pt) rods with diameters of 1 mm were used as the anode and reference 
electrodes, respectively. Either a pure iron or a stainless steel substrate with a thickness 
of 0.5 mm and a width of 10 mm was used as the cathode. The electrolyte was 
electrolysed over 10-20 minutes at a constant potential of -1.60 V referenced to the Pt 
electrode. The electrolysis was terminated by removing the metal substrate from the 
electrolyte. The metal substrate was washed by sonication in dry methanol to remove 
the residual electrolyte. The metal substrate was covered with a black electrodeposition 
film. 
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Figure 1. X-ray diffraction profiles for an electrodeposition film on a metal 
substrate. The main panel shows a 2 theta theta scan profile for an electrodeposition 
film on an iron substrate. The inset shows a close-up of the main panel near 2 theta = 
43.0 degrees. The red and blue profiles are simulations for the MgB2 101 and MgO 200 
reflections, respectively. 
 
Figure 1 shows X-ray diffraction profiles for an electrodeposition film on an iron 
substrate. Besides the reflections from the substrate material, two peaks are recognized 
at 43.0 and 62.5 degrees. The peak at 62.5 degrees is assigned to the 220 reflection of 
MgO. The peak at 43.0 degrees consists of the MgO 200 (blue profile) and MgB2 101 
(red profile) reflections, as indicated in the inset. The intensity of the MgB2 101 
reflection is 20 % of the intensity of the MgO 200 reflection. The MgB2 phase in the 
electrodeposition film is minor in comparison to the MgO phase. 
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Figure 2. Nanostructures of electrodeposited films observed with a transmission 
electron microscope (TEM) and an electron-probe microanalyser (EPMA). a, A 
TEM image of an electrodeposited film removed from the substrate. Nanowires with 
thicknesses of 10-100 nm and lengths of 0.2-1.2 μm are denoted by arrows. The insets 
show selected area electron diffraction (SAED) patterns corresponding to the areas 
denoted by 1 and 2. b, EPMA compositional mapping of the cross section of an 
electrodeposited film, visualized using the specific X-ray of boron. The bright area 
corresponds to a boron-rich phase. The dark areas denoted by arrows are a pure MgO 
phase. c, The main panel shows a high-resolution TEM image of the specimen 
described in the inset. The inset shows an annular dark field (ADF) image of an in-
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plane section of an electrodeposited film. The arrow shows the point at which high-
resolution TEM observation was performed.  
 
Figure 2a shows a transmission electron microscope (TEM) image of an 
electrodeposited film that was removed from an iron substrate. Nanowires with 
thicknesses of 10-100 nm and lengths of 0.2-1.2 μm appear as dark stripes surrounded 
by a formless material with a higher brightness. In the centre of the image, there is a 
nanowire with 100 nm thickness and a length of 1.2 μm. Selected-area electron 
diffraction (SAED) patterns for this nanowire and the surrounding material are shown 
in the insets. The sharp, six-fold SAED pattern for the nanowire (inset 1) is assigned to 
the 001 zone reflection of highly crystalline MgB2. The MgB2 (001) plane is parallel to 
the long axis of the nanowire. SAED for the surrounding material (inset 2) shows a ring 
diffraction pattern that is assigned to polycrystalline MgO. Combining the results of 
TEM and SAED, we conclude that the electrodeposition films consist of highly 
crystalline MgB2 nanowires and polycrystalline MgO.  
Figure 2b shows a cross-sectional image of an electrodeposited film on a stainless 
steel substrate obtained with an electron-probe microanalyser (EPMA). The average 
thickness of the electrodeposited film is 4 μm. The MgB2 nanowires are observed as a 
very fine, columnar texture of a boron–rich phase (bright area) that propagates through 
the electrodeposited film, almost perpendicular to the substrate surface. An in-plane 
section parallel to the substrate surface was cut out of an electrodeposited film on an 
iron substrate using a focused ion beam (FIB). The inset in Figure 2c shows an annular 
dark field (ADF) image of the in-plane section, which consists of submicron grains 
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bordered by grain boundaries with a darker contrast. SAED showed that the MgB2 
phase localizes at the grain boundaries, whereas the submicron grains are a pure MgO 
phase. The main panel in Figure 2c shows a high-resolution TEM image of the same 
specimen described in the inset obtained by focusing on one of the grain boundaries. 
Atomic fringes are observed throughout the image with a wavelength of 0.21 nm, which 
are assigned to the MgO (200) (d-value = 0.2100 nm) and/or MgB2 (101) planes (d-
value = 0.2126 nm). The centre of the image contains an atomic fringe with a longer 
wavelength of 0.35 nm. The atomic fringe is assigned to the MgB2 (001) plane (d-value 
= 0.3520 nm). The MgB2 (001) fringe is observed within a restricted area of 4×4 nm2. 
This area is identified as the cross section of an MgB2 nanowire that grows 
perpendicular to the substrate surface, with the MgB2 (001) plane aligned parallel to the 
growth direction. The MgB2 nanowire is embedded in a matrix of MgO.  
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Figure 3. Electric transport properties of metal substrates with and without 
electrodeposited films. a, The main panel shows the resistance/temperature profiles for 
an iron substrate with an electrodeposited film (red) and for a bare iron substrate (blue). 
The upper inset shows the resistance/temperature profile near the Tc for the iron 
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substrate with an electrodeposited film. The lower left and right insets show a schematic 
picture of the configuration of terminals for transport measurements and an equivalent 
circuit for the substrate with an electrodeposited film, respectively. b, 
Resistance/temperature profiles for the same substrate described in a with an 
electrodeposited film under finite magnetic fields. c, Upper critical field, Hc2, and 
irreversibility field, Hirr, plotted as functions of temperature. d, Potential/current profiles 
under finite magnetic fields. e, Effective critical current densities at 5 and 20 K as 
functions of the magnetic field. 
 
An iron substrate with an electrodeposited film with a thickness of 2.5 μm was cut 
and shaped into a stripe with a dimension of 1.5×10 mm2 to allow for transport 
measurements. A bare iron substrate with the same dimension was used as a reference. 
Both the current and potential terminals were connected to the substrates along the long 
side. The gap between the potential terminals was 4.5 mm. Figure 3a shows the results 
of electronic transport measurements on the iron substrates with and without 
electrodeposited films. The resistance of the bare iron substrate monotonically 
decreases with a decrease in temperature from 200 to 5 K (blue profile). The resistance 
of the iron substrate with an electrodeposited film (red profile) traces the blue profile 
for the bare iron substrate from 200 K down to 40 K. The upper inset shows the 
resistance/temperature profile below 40 K for the substrate with an electrodeposited 
film. The resistance drops slightly at an onset temperature of 37.0 K and reaches a 
minimum at Tc = 33.0 K via an inflection point at 36.2 K. The steep drop in the 
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resistance near the Tc is attributed to the superconducting transition of MgB2 nanowires 
inside the electrodeposited film.  
The finite resistance below the Tc is ascribed to the interfacial resistance between 
the substrate and film, since the resistivity of electrodeposition films is zero below the 
Tc13. The lower insets show the terminal configuration for transport measurements on 
the substrate with an electrodeposited film, as well as a corresponding equivalent circuit. 
The resistances of the substrate, electrodeposited film, and the interfacial resistance 
between the substrate and film are denoted by Rs, R, and Rc, respectively. R is zero 
below the Tc, and Rs and Rc are evaluated at 30 K as 150 and 13 μΩ, respectively. The 
low Rc shows that the MgB2 nanowires inside the insulating MgO matrix achieve good 
electrical contact with the metal substrate.  
Figure 3b shows the resistance/temperature profiles for the same specimen with an 
electrodeposited film described in Figure 3a under finite magnetic fields. The magnetic 
fields were perpendicular to the substrate surface. Both the onset temperature and the Tc 
decrease with increasing magnetic field. The upper critical field (Hc2) and the 
irreversibility field (Hirr), determined from the onset temperature and Tc, respectively, 
are plotted in Figure 3c as functions of temperature. The upper critical field and the 
irreversibility field at 0.0 K, Hc2(0) and Hirr(0), are evaluated as Hc2(0) = 12 T and 
Hirr(0) = 8.2 T by linear extrapolations. The observed Hc2(0) lies between the reported 
values for MgB2 single crystals, Hc2(0) = 25.5 T (H // (001) plane) and Hc2(0) = 9.2 T 
(H | (001) plane)23. The observed Hirr(0) belongs among the lowest literature values, 8-
25 T24, which may show that these MgB2 nanowires are free from impurities or defects 
that can enhance Hirr(0).  
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Figure 3d shows a current/potential profile for the same specimen described in 
Figure 3b, again under finite magnetic fields. When the magnetic field is 3 T, the 
amplitude of potential linearly increases with an increase in the amplitude of the current 
from 0.0 to 0.8 A. The ohmic dependence of the potential on the current over the range 
between ± 0.8 A is ascribed to the interfacial resistance between the electrodeposited 
film and the substrate, Rc. The amplitude of the potential grows sharply at a critical 
current of 0.83 A, which is attributed to the breakdown of the superconducting state of 
MgB2. The critical current decreases steeply with increasing magnetic field.  
On the basis of the equivalent circuit presented in the lower right inset of Figure 3a, 
the effective critical current that flows through the electrodeposited film is calculated as 
90 % of the observed critical current. The effective critical current density for the 
electrodeposited film, Jc, is calculated by dividing the effective critical current by the 
cross section of the electrodeposited film, 2.5 μm×1.5 mm. Figure 3e shows the plots of 
the Jc at 5 and 20 K as functions of magnetic field. By extrapolating the plots down to 
0.0 T, the Jc at an ambient field is evaluated as Jc (0) = 1.1×105 and 3.9×104 A cm-2 at 5 
and 20 K, respectively. These values are comparable to the reported critical current 
densities for bulk MgB224. Critical current densities for an individual MgB2 nanowire 
could be much higher than the bulk values, taking into account the low volume fraction 
of MgB2 nanowires in the insulating MgO matrix. 
The results presented in this work demonstrate that MSE is a workable method to 
synthesise highly crystalline MgB2 nanowires directly on metal surfaces. Outstanding 
issues and potential limitations to be addressed include the interface between MgB2 
nanowires and metal surfaces, and the applicability of MSE to metal terminals of a 
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desired circuit. The chemical and/or thermal stability of the MgB2 nanowires should be 
also tested to determine whether they are suitable for practical applications. These 
issues are highly challenging, yet worth the effort, since the low interfacial resistance 
and the high critical current densities for these MgB2 nanowires will enable the 
development of the novel electronics of the future. 
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